Material
INTRODUCTION
Small RNA-guided modification of ribosomal RNA is an ancient, conserved process shared between two of the three domains of life, Archaea and Eukarya. First discovered and characterized in eukaryotic model organisms as C/D box small nucleolar RNAs (snoRNAs) (Tyc and Steitz 1989) , the archaeal homologs, dubbed C/D box small RNAs (sRNAs), were later biochemically identified in both major branches of the Archaea: Pyrococcus species of Euryarchaeota (Gaspin et al. 2000) , and Sulfolobus acidocaldarius of Crenarchaeota (Omer et al. 2000) . In the latter study, sRNAs from two additional euryarchaeal species and a second crenarchaeon were computationally predicted and verified, indicating that RNA-guided modification is likely to be a general process common to all archaea. C/D box sRNAs function within ribonucleoprotein complexes (RNPs) that target 29-O-methylation of specific positions within ribosomal RNA (rRNA) and, unique to the Archaea, transfer RNA (tRNA).
Soon after the discovery of C/D box snoRNAs, a second distinct class of guide RNAs in eukaryotes was identified and found to guide conversion of uridine to pseudouridine within rRNA (Balakin et al. 1996; Ganot et al. 1997; Ni et al. 1997) . These guide RNAs, dubbed H/ACA snoRNAs, form distinct ribonucleoprotein complexes with four accessory proteins (Henras et al. 1998; Watkins et al. 1998) . Homologs of those proteins were subsequently found among members of the Archaea (Watanabe and Gray 2000) , suggesting that a homologous guide RNA mechanism also exists in Archaea to provide specificity to pseudouridine modification of rRNA.
A handful of the archaeal H/ACA-like guide sRNAs were later discovered by small RNA isolation and traditional Sanger sequencing of cDNAs: four in the euryarchaeon Archaeoglobus fulgidus (Tang et al. 2002) and just one in the crenarchaeon Sulfolobus solfataricus (Zago et al. 2005 ). More recently, computational methods have found other H/ACA sRNA genes predicted to guide rRNA modifica-tions in Euryarchaea (Muller et al. , 2008 . Within the Crenarchaea, one H/ACA guide sRNA appears to direct pseudouridine formation in the anticodon of tRNA Tyr in Aeropyrum pernix and members of the Sulfolobales (Muller et al. 2009 ). In the cases above, H/ACA sRNAs in archaea were identified based on models assuming feature similarity to their well-studied eukaryotic homologs. This is a reasonable assumption given that archaeal H/ACA sRNAs form ribonucleoprotein complexes with four proteins (L7Ae, Gar1, Nop10, and the pseudouridine synthase, Cbf5), each of which has a clear ortholog in eukaryotes. The canonical archaeal H/ACA sRNA (Rozhdestvensky et al. 2003; Baker et al. 2005; Gurha and Gupta 2008; Muller et al. 2008 ) is generally a 60-70 nt helical structure interrupted by two bulges (for example, see Fig. 1A ). The upper bulge is part of a kink-turn (K-turn) motif that serves as the binding site for the L7Ae protein. Below the K-turn is an intermediate stem, followed by the second, larger internal bulge that forms the pseudouridylation pocket. The left and right arms of this bulge together create a bipartite guide sequence that is complementary to the target RNA sequence and positions the uridine to be modified at the base of the intermediate stem. A short lower stem closes the pocket, with short 59 and 39 extensions beyond the lower helix. A conserved ACA (or more generally, ANA) box sequence is located at the 39 end, usually positioned 14 nt beyond the base of the intermediate stem (i.e., the pseudouridine pocket).
It is assumed that H/ACA sRNA will be present in all archaeal species, although the paucity or complete lack of identified sRNA genes has been puzzling, particularly in the Crenarchaea. Biochemical evidence has demonstrated the presence of pseudouridine modifications in rRNA in several examined archaeal species (Ofengand and Bakin 1997; Massenet et al. 1999; Del Campo et al. 2005; Kirpekar et al. 2005) . Furthermore, homologs of the four proteins known to associate with H/ACA sRNAs have been identified among all examined archaeal phylogenetic families (Finn et al. 2010) . Taken together, we should expect to find H/ACA sRNAs among every archaeal clade.
Out of 119 currently available archaeal genomes, only seven have any published H/ACA sRNA predictions. Recent archaeal transcriptional studies (Jager et al. 2009; Wurtzel et al. 2010 ) have reported C/D box sRNAs (Wurtzel et al. 2010 ), but neither have reported H/ACA guide sRNAs. Computational search methods to find new H/ACA sRNA genes have had success in euryarchaeal species, where the identification depends on a canonical stem-loop, a bipartite bulge-guide structure, and the terminal ANA sequence found common to all known archaeal H/ACA sRNAs ). Failure to identify archaeal H/ACA sRNAs in both genomic and transcriptional studies is likely due in part to insufficient automated annotation tools but may also be due to variation in the expected features of this sRNA class. FIGURE 1. Pseudouridylation guide sRNAs identified in Pyrobaculum. The predicted secondary structures of the Pyrobaculum pseudouridylation guide sRNAs and their predicted targets in ribosomal and transfer RNA (red sequences aligned to guides) are illustrated. (A,B) Canonical pseudouridylation guide sRNAs, containing an upper apical stem, internal kink-turn bulge (K-turn motif in orange), intermediate stem, pseudouridylation pocket, lower helix, and 39 ACA sequences. The specific boundary between guides and the lower stem is uncertain in these two structures, as both target-pairing and stempairing interactions are plausible. Note that the uridine (U) modified in the target RNA is positioned at the base of the intermediate stem and that base-pairing between the guide and the target RNAs occurs both 59 and 39 to the site of modification. (C-J) Noncanonical pseudouridylation guides, all without a lower helix, some without the 59 portion of the pseudouridylation pocket, and many without the terminal 39 ACA sequence (green). The numbering for the predicted modified uridine, indicated at the base of each structure, uses the P. aerophilum rRNA numbering system. High-throughput transcriptome sequencing and comparative genomics, in combination, offer great promise to rapidly advance archaeal RNA biology. Our group has previously performed detailed genomic analyses of the crenarchaeon Pyrobaculum aerophilum, identifying more than 50 C/D box sRNAs (Fitz-Gibbon et al. 2002 ) using a strictly computational approach (Omer et al. 2000) . However, attempts to identify H/ACA guide RNAs in P. aerophilum using similar methods have not been successful. Over the past several years, we have formed collaborations to sequence five additional Pyrobaculum genomes, as well as the small RNA transcriptomes of four of these organisms. Using these new resources, we provide compelling transcriptional and comparative evidence of ten highly conserved sRNAs that break the conventional view of H/ACA sRNAs in Archaea. Seven of these H/ACA-like sRNA transcripts have guide regions with strong complementarity to Pyrobaculum rRNA targets with equivalent pseudouridine modifications in other species. Significantly, another one of the sRNA appears to have the capacity to guide modification of a universally conserved site of pseudouridylation in every Pyrobaculum tRNA. This work significantly broadens our view of the minimal features likely necessary for RNA-guided pseudouridine modification in Archaea and provides ideal targets for future biochemical and structural studies.
RESULTS AND DISCUSSION
We have employed a high-throughput pyrosequencing strategy as a foundation to define and characterize the spectrum of small RNAs in the genus Pyrobaculum. Sizeselected small RNA (16-70 nt) fractions were extracted from exponential and stationary phase cell cultures for Pyrobaculum aerophilum, P. arsenaticum, P. calidifontis, and P. islandicum, and cDNA libraries were prepared (Pak and Fire 2007) . This method preserves RNA strand orientation, captures both the 59 and 39 ends of the small RNA, and is not biased by the 59-phosphorylation state of the RNA. These eight barcoded cDNA libraries were concurrently sequenced and the data subsequently processed to yield a large collection of uniquely mapped sequence reads from their associated transcripts. We coupled this small RNA transcriptome data with multiple genome alignments constructed from the same four species, plus the genome sequences of Pyrobaculum oguniense and Thermoproteus neutrophilus (now considered a member of the Pyrobaculum genus).
Ten novel Pyrobaculum H/ACA-like sRNA are conserved and expressed Motivated by the identification of genes for all four of the proteins involved in RNA-guided pseudouridylation within the Pyrobaculum genomes, computational searches were conducted for H/ACA-like small RNA genes using methods that have been successful in eukaryotic species (Schattner et al. 2004 (Schattner et al. , 2006 . These search attempts proved unsuccessful. In an unrelated computational search that screened only for conserved secondary structure, Weinberg and colleagues (Weinberg et al. 2010 ) identified two potential noncoding RNA elements in the Pyrobaculum genus, Pyrobac-HINT (a proposed cis regulatory element) and Pyrobac-1 (sRNA with no function suggested). We now recognize that these two structured RNA classes correspond to sR207 and sR202/sR203, identified independently and described in this work.
In contrast to previous computational screens, the analysis employed in this study focused strictly on genomic regions with conserved transcription as detected by deep sequencing. Among these transcribed regions, careful screening of transcripts for the typical sequence and structural features of H/ACA-like sRNAs revealed two strong candidates (sR201 and sR202) (Fig. 1A ,B); these two sRNAs were found to be present in the transcript libraries from three or more Pyrobaculum species (Supplemental Table S1 ). Examination of the associated multiple genome alignments (Schneider et al. 2006 ) revealed syntenic conservation of these genes among all six of the Pyrobaculum genomes and allowed assignment into distinct sRNA families ( Fig. 2A ; Supplemental  Fig. S1A ).
Closer scrutiny of the sR201 and sR202 families revealed variability of features previously assumed to be essential. Surprisingly, the ACA sequence at the 39 end of the sRNA was not conserved in the sR201 homolog from P. islandicum (Supplemental Fig. S1A ), nor was it found in the sR202 homologs in P. calidifontis and T. neutrophilus ( Fig. 2A) . None of these sRNAs contained the anticipated apical loop sequence ''GAG'' found in several archaeal sRNAs (Baker et al. 2005 ) that is thought to interact with Cbf5, the pseudouridine synthetase in the complex. Furthermore, the boundary between the guide regions and the lower stem appeared unclear after mapping rRNA targets to these structures (Fig. 1A,B) , suggesting that the lower stem may be either very short or nonexistent.
Because of the weak conservation of canonical features associated with sR201 and sR202 (Fig. 1A ,B), our search was expanded to look for sRNAs exhibiting only a subset of the anticipated features: (1) a single helical structure interrupted by a K-turn; and (2) occurrence of conserved transcription in syntenic regions. Synteny between sRNA transcripts was inferred by linking their genomic positions to directly adjacent, predicted orthologous protein coding genes in three or more Pyrobaculum genomes. Most of the syntenic sRNA transcripts were found to encode candidate C/D box sRNAs. A small subset was identified using the UCSC Archaeal Genome Browser (Schneider et al. 2006) , exhibiting two strongly conserved noncoding regions surrounding a short, weakly conserved segment corresponding to the apical loop. Further inspection of this candidate subset for the presence of a K-turn motif, a GC-rich stem above the K-turn, and an intermediate stem below the K-turn provided an enriched set of candidate H/ACA sRNAs. The putative guide regions ( Fig. 2; Supplemental Fig. S1 ) of these novel sRNA candidates were then interrogated for complementarity to rRNA sequences with correctly positioned uridine targets.
Unexpected features of H/ACA-like sRNA in Pyrobaculum
Our new search strategy yielded eight additional, somewhat atypical sRNA families for closer study. Based on their general similarity to sR201, sR202, and the H/ACA-like sRNAs found in other archaeal species, we hypothesized that they function as pseudouridylation guide sRNAs as well (sR203-sR210) (Fig. 1C-I ). All eight of these sRNA families have GC-rich, fully paired stems of five to six base pairs above the K-turn and have an intermediate stem of seven to eight base pairs below the K-turn. Each candidate has a 10-17 nt guide complementarity to rRNA targets (allowing at most one bulged unpaired nucleotide). Notably, they all lack the short stem at the base of the helix that normally closes the pseudouridylation pocket (Table 1) . In many instances, the sRNAs also lack the conserved ACA sequence at the 39 end of the molecule (Table 1) . Genes encoding homologs of sR201-sR205 and sR207-sR210 are present in all six of the Pyrobaculum genomes ( Fig. 2;  Supplemental Fig. S1 ), whereas the sR206 homolog is present in all but P. arsenaticum and P. oguniense, the two most closely related Pyrobaculum species with decoded genomes. Surprisingly, the aligned sR205-sR208 and sR210 transcript families indicate that the 59 end of these sRNAs is at or near the base of the intermediate stem (Fig. 1) . In canonical H/ACA sRNAs, this region contains the 59-portion of the guide. The remaining sRNAs (sR201-sR204, sR209) retain the expected 59 portion of the guide. As would be expected, TATA-like promoter sequences (Palmer and Daniels 1995) are associated with both sets of sRNA genes, and are generally positioned 26 nt upstream of our observed start of sRNA transcription. Furthermore, there is no complementarity between the genomic region upstream of transcription-start in sR205-sR208 and sR210 (where the 59 guide sequence would be expected in canonical sequences) and the extended sequence 39 to the target pseudouridylation position, supporting the finding that a 59 guide is not present in these sRNAs. It remains possible that some trans-encoded RNA might replace the ''missing'' 59 guide in the mature RNP; however, such a 59 splice is not found in any sequenced transcripts. Taken together, we conclude that sequencing reads reflect the native sRNA transcripts and that the ''missing'' 59 guide portion and lower stem are not required for Pyrobaculum H/ACA-like pseudouridylation guide RNAs.
rRNA targets of H/ACA-like guides occur at conserved, structurally equivalent pseudouridine positions
In nine of the ten sRNAs (sR201-sR209), a guide region with extended complementarity to an rRNA position has been identified ( Fig. 1; Table 1 ). Of these, six sRNAs (sR202, sR204, sR205, sR206, sR207, sR208) have at least one proposed modification target in the large subunit of ribosomal RNA (LSU) that is structurally equivalent to pseudouridine positions in one or more model species, including Escherichia coli, Bacillus subtilis, Arabidopsis thaliana, Saccharomyces cerevisiae, or human ( Fig. 3 ; Ofengand and Bakin 1997; Piekna-Przybylska et al. 2008) Within small subunit (SSU) rRNA, we propose that sR201 guides modification of 16S-U934, the structural equivalent of the hypermodified 16S-966 (E. coli numbering), which is present in all three domains of life ( Fig. 2 ; Ofengand and Bakin 1997; Kowalak et al. 2000; Piekna-Przybylska et al. 2008) . Given that seven of nine sites predicted by Pyrobaculum H/ACA-like sRNAs occur at structurally conserved positions of pseudouridine modification in rRNA, we reasoned that these are highly likely to be functioning as H/ACA guide sRNA.
Experimental validation of pseudouridine positions in rRNA
To gain further support for the modification function of these novel sRNA families, we tested ribosomal RNA for the presence of pseudouridine residues at positions predicted by the sRNA guide sequences. We utilized a standard biochemical assay for this purpose; RNA treated with soluble carbodiimide (CMCT) preferentially forms bulky adducts at pseudouridine bases (Ofengand and Bakin 1997; Motorin et al. 2007 ) that are subsequently detected as strong stops in reverse-transcribed cDNA.
We found evidence of pseudouridine modifications at or adjacent to the predicted base in ribosomal RNA for all the sites we were able to assay. For sR201, sR202, sR204, sR205, and sR206, we found clear, unambiguous evidence for the predicted pseudouridine modifications at 16S-U934, 23S-U2562, 23S-U2023, 23S-U2029, and 23S-U1902, respectively (data not shown for 16S-U934 and 23S-U1902) (Fig. 4A,C) .
For the target sites of sR207 and sR208, strong natural RT pauses impeded our reverse transcription assay; impediments of this type have been previously described (Motorin et al. 2007 ). In the cases of sR203 and sR209, experimental data altered or added to our computationally predicted targets. The predicted target of sR203 is 16S-U762, yet we find a dominant CMCT-induced stop supporting modification of 16S-U764 (Fig. 4B ). This pattern is present in assays of rRNA from both P. aerophilum and P. calidifontis, yet we find no obvious alternate guide configuration that might explain the U764 modification. Potentially, an alternate fold of sR203 or some other mechanism may guide the U764 modification.
Our assay for the sR209-predicted pseudouridylation of 16S-U8 revealed strong reverse transcriptase stops associ- 
tRNA-U54;U55* + 39
(+) or (À) indicates the presence or absence of the 39-terminal ACA sequence. The sequences in the sRNAs that base-pair with the target RNA are either canonical bipartite guides (bi) or are 39 single guides (39). The absence of a gene encoding the homolog of sR206 in P. arsenaticum and P. oguniense is indicated by NH (no homolog). Target sites that have been previously described from outside the Pyrobaculum genus are indicated (*).
ated with 16S-U9, U12, and U15 in both P. aerophilum and P. calidifontis rRNA, while evidence of the adjacent 16S-U8 induced stop was present but weaker (Fig. 4D ). This result suggests a possible alternate target for sR209, and adducts at this position may be partially masking detection of the immediately upstream 16S-U8. We note numerous other examples of modification guide RNAs which were shown to direct modifications at bases directly adjacent to the predicted target by an unknown mechanism (U18, U24, snR13, snR52) (Kiss-Laszlo et al. 1996; Lowe and Eddy 1999) . The apparent modifications at U12 and U15 do not appear consistent with an alternate configuration of sR209, though, as seen in studies of Pyrococcus abyssi (Pab35-1 targeting of 23S-U2672 [Muller et al. 2008] ), surprising alternate targets may occur. When considering all available evidence, we consider 16S-U8 and U9 to be plausible targets of sR209.
Predicted variation in rRNA targets
The sR206 family members exhibit variable features in their guide-target properties. In two of the Pyrobaculum species, the predicted target for sR206 is 23S-U1902; the homologous sRNA in P. islandicum contains several nucleotide (Muller et al. 2008) . Position of complementary sRNA guide regions depicted by gray lines. Pseudouridine predictions supported only by conservation in other species shown as plain C, and those supported by experimental evidence in Pyrobaclum as circled C. The single predicted pseudouridine site with negative experimental data (16S-U762) depicted as circled U. Secondary structure map adapted from Thermoproteus tenax and Thermococcus celar, with permission (Gutell website: http://www.rna.icmb. utexas.edu/) (Cannone et al. 2002) .
Pyrobaculum sRNA with atypical guide features www.rnajournal.org 407 alterations in the intermediate stem such that the target site appears shifted to 23S-U1904 (Figs. 1F, 2C ). For sR207 (Figs. 1G, 2D ), the length of the intermediate stem is uncertain; if the stem were extended by an additional U:G base pair, the predicted site of modification would be shifted from 23S-U2597 to U2596. These adjacent uridines are located in a structurally conserved bulge in domain V (helix 89) of LSU rRNA (Fig. 3) . In Bacillus subtilis (Ofengand and Bakin 1997) , the structurally equivalent Bs-U2511 is modified, while in Pyrococcus abyssi (Muller et al. 2008) , the adjacent Pab-U2585 is the modification target. In Pyrobaculum, it may be that either one or both members of the bulged uridine pair are targets for sR207.
Three H/ACA-like sRNA may have a role in 16S folding
In eukaryotes, the U3 snoRNA has been proposed to function as a chaperone in the endonucleolytic cleavage at the 59 end of SSU rRNA, as well as the formation of a universally conserved pseudoknot structure (Hughes 1996; Gerczei et al. 2009 ). In Pyrobaculum, the sR209 guide may sequester the 59 end of SSU rRNA when paired to its proposed target (16S-U8) (Fig. 3) in a manner analogous to that of U3 snoRNA and thus may play an important role in maturation and folding at the 59 end of SSU RNA. In another instance, the guide region of sR203 exhibits an unusually long 17-nt complementarity to its 16S rRNA target. When paired to its target, the sRNA might be expected to suppress formation of the associated helix in SSU domain II (Fig. 3) through competitive base-pairing, potentially playing a role in rRNA folding and SSU maturation. An equally compelling case exists with sR201 and the associated 16S-U934 target, where the guide-target association overlaps a complete stem-loop (Fig. 3) . All three of these examples appear to associate sRNAs with discrete rRNA secondary-structure elements that are invariant among studied Pyrobaculum species ( Fig. 3 ) and may have a role in folding of those structure elements.
An H/ACA-like guide with a putative target in Pyrobaculum tRNA
One of the H/ACA-like sRNA families, sR210, may target all transfer RNAs within this genus (sR210) ( Fig. 1J ; Supplemental Fig. S2 ). In Pyrobaculum species, other archaea, and some higher eukaryotes, tRNAs contain adjacent pseudouridine modifications in both positions U54 and U55 instead of the ribothymidine and pseudouridine modifications that are expected at these positions for bacteria and most eukaryotes. Archaeal pseudouridine conversions at these sites are believed to be catalyzed by the proteins Cbf5 or Pus10 (Gurha and Gupta 2008) without a requisite guide RNA. The sR210 guide region exhibits extended complementarity to the sequence upstream of the C-C-C motif in all of the Pyrobaculum tRNAs; this suggests that the six Pyrobaculum species characterized here may utilize sR210 and the associated pseudouridylation guide machinery to modify tRNA at either positions U54 and U55 or both. The relative abundance of sR210 transcripts is among the highest for this class of Pyrobaculum sRNA (Supplemental Table S1 ) as might be necessary for a tRNA modification role. Once again, the absence or presence of the additional GC base pair at the base of the lower stem immediately above the pseudouridine pocket shifts the positioning of the target RNA such that either U54 or U55 could be accommodated at the active site (Fig. 1J) . We view both of these as likely target sites.
The proposed guide region of the sR210-family exhibits near perfect conservation (Fig. 2E) , and the extensive alignment (Supplemental Fig. S2 ) to tRNA provide compelling evidence of an association. The sR210 family guides align with all tRNAs in the region bounded by the variable FIGURE 4. Selected pseudouridine assays in Pyrobaculum aerophilum (Pae) and Pyrobaculum calidifontis (Pca) rRNA. In each experiment, four samples are treated with (+) or without (À) CMCT for either 2, 10, or 20 min followed with (+) or without (À) an alkaline (OH À ) wash (lanes 1-4). RNA sequencing ladder is labeled in lanes U, G, C, A. The location of pseudouridine modification evidence is shown (black arrow), established by band absence in CMCÀ lane, faint banding at 2 min, and increasing band strength seen at 10-and 20-min intervals. Modification sites at 23S-U2582 (sR202), U2023 (sR204), and U2029 (sR205) show characteristic modification bands (panels A,C) located one position 39 to the actual site of modification (lower in gel image) due to adduct formation. A potential site for sR203-guided modification (panel B) is U764 (black arrow), adjacent to the predicted U762 site that was negative for pseudouridine (black line). The modification site for sR209, 16S-U8 (panel D) is shown with the additional modification at U9. loop and extending into the C-C-C motif, as illustrated in Supplemental Figure S2 . With the abundance of noncanonical introns in the Pyrobaculum genus (Sugahara et al. 2008) , it is remarkable that the tRNA region targeted by sR210 is free of introns in all species other than P. calidifontis, where 30% contain an intron in this region. Introns in the tRNA region used to position sRNA-guided modification would likely be under negative selection unless intron removal occurs before modification. The 29-O methylation of C56 in P. aerophilum tRNA has been shown to be guided by the C/D sRNP machinery rather than an Ado-Met-dependent protein Trm56 family member, found in bacteria, S. cerevisiae, and other archaea (Renalier et al. 2005) . This suggests that the entire tRNA C-C-Cm motif may be modified using sRNA-guided ribonucleoprotein complexes in all tRNA molecules in this genus.
CONCLUSIONS
The pseudouridine guide sRNAs that we have identified in Pyrobaculum differ in a number of important structural features when compared to those previously identified in other archaeal species. The lower helix closing the standard pseudouridylation pocket and the 39-terminal ANA sequence at the end of the RNA do not appear to be required for Pyrobaculum RNA-guided pseudouridylation. We have examples of molecules with and without each of these features in all Pyrobaculum species examined. Moreover, they can make use of the classical bipartite guide structure as well as novel 39 single guide forms that restrict basepairing with the target to the region 59 to the site of modification.
The single guide architecture would permit guide isomerization that positions either of two adjacent uridines into the active site of the RNP complex. This feature is seen with sR207, which is predicted to modify positions U2597 or U2596 in 23S rRNA, and with sR210, which is predicted to modify positions U54 or U55 in tRNA. In both of these instances, the gain or loss of a base pair from the guide target interaction is accompanied by a loss or gain of a base pair at the bottom of the helix above the pseudouridine pocket in the sRNA.
The novel features that we have identified in the H/ACA sRNAs of Pyrobaculum are likely to have a profound impact on the overall structure and mechanics of the RNP complex. In the crystal structure of a canonical H/ACA RNP from Pyrococcus furiosus, (Li and Ye 2006) the PAU domain (residues 1-38 and 239-333) of the Cbf5 protein makes specific contacts with the lower stem in the sRNA below the pseudouridylation pocket and the terminal ACA sequence. The interactions position the guide sequences so that they are primed to interact with the target to form a three-helix junction and position the uridine destined for modification near the active site of the Cbf5 protein. How this positioning and accompanying stabilization occur in the absence of the bipartite guide, the lower stem, or the terminal ACA sequence remains unclear.
To date, Pyrobaculum species are the only organisms observed to contain unusual pseudouridylation guide sRNAs that lack a well-formed pseudouridylation pocket and are predicted to use only a single 39 guide sequence to target modification. If these unusual features are more widespread across the Archaea, it may account for the current dearth of recognized pseudouridylation guide sRNAs in these organisms and explain why the computational methods based on the conserved eukaryotic features have had limited success in their identification. Moreover, the overarching simplicity of the Pyrobaculum pseudouridylation guide sRNAs and their flexibility in target recognition may provide new insights into the function and evolutionary origins of this important class of guide RNPs.
MATERIALS AND METHODS

cDNA library preparation
Total RNA was extracted from exponential or stationary cultures; 100 mg of each preparation was loaded onto a 15% polyacrylamide gel, and size selected in the range 15-70 nt. The gel was post-stained with SYBR Gold, and the tRNA band was used as the upper exclusion point. The lower exclusion point was set at 75% of the region between xylene cyanol (XC) and bromophenol blue (BP) loading dye bands (Ambion protocol). Samples were eluted, EtOH-precipitated, and 39 linker (59-adenylated, 39 ddC) was added as described by Lau (Lau et al. 2001 ) (IDTDNA, Linker1). A second gel purification was performed as above, excising the gel fragment above the XC dye band to remove excess 39 linker. The recovered linked RNAs were reverse transcribed (RT) using Superscript III (Invitrogen) with a DNA primer complementary to Linker1. Following RT, Exonuclease I (EXO1, Thermo) was added to the RT reaction mixture and incubated for 30 min to remove excess primer. We utilized standard alkaline lysis treatment with NaOH-EDTA at 80°C for 15 min to remove any residual RNA as well as inactivate the reverse transcriptase and the EXO1 ssDNA nuclease. Neutralization and small fragment removal was performed with water-saturated G50 columns (Ambion NucAway). The recovered single strand cDNA was dried to near completion using a Servo SpeedVac, followed by a second 59-adenylated linker addition (IDTDNA, Linker2) to the cDNA using T4 RNA ligase (Ambion).
A 2-mL volume of this reaction was amplified by PCR (20-mL reaction, 16 cycles). This was followed by a second amplification (20-mL reaction, 16 cycles) using 2 mL from the first amplification as template using Roche 454-specific hybrid adapters based on the method described by Hannon (Pak and Fire 2007) . A four-base barcode was included in the 59 hybrid primer. The final reaction was cleaned using the Zymo clean kit following the manufacturer's protocol. this work are included as supplemental files for each species. Barcodes and sequencing linkers have been removed, and identical sequences have been consolidated (indicated by counts in individual read headers -XX, where XX is the count).
Culture conditions
P. aerophilum cells were grown anaerobically in media containing 0.5 g/L yeast extract, 13 DSM390 salts, 10 g/L NaCl, 13 DSM 141 trace elements, 0.5 mg/L Fe(SO4) 2 (NH4) 2 , pH 6.5, with 10 mM NaNO 3 . P. islandicum and P. arsenaticum cells were grown anaerobically in media containing 10 g/L tryptone, 2 g/L yeast extract, 13 DSM390 salts, 13 DSM88 trace elements, and 20 mM Na 2 S 2 O 3 . P. calidifontis cells were grown aerobically in 1-L flasks using 500 ml of media containing 10 g/L tryptone, 2 g/L yeast extract, 13 DSM88 trace metals, 15 mM Na 2 S 2 O 3 , pH 6.8, loosely capped with moderate shaking at 125 rpm. Anaerobic cultures were grown in 2-L flasks with 1 L of media, prepared under nitrogen with resazurin as a redox indicator at 0.5 mg/L; 0.25 mM Na 2 S was added as a reductant. All cultures were grown at 95°C to late log or stationary phase, monitored at OD600.
The 103 
Computational prediction of orthologous gene clusters
Computational prediction of orthologous groups was established by computing Reciprocal Best BLASTP (RBB) (Altschul et al. 1990 ) protein coding gene-pairs among species. When at least three RBB pairs select the same interspecies gene cluster, this cluster is considered an orthologous gene cluster.
Pseudouridine mapping in Pyrobaculum rRNA
Pseudouridine residues were mapped using the CMCT method, initially described by Bakin and Ofengand (Bakin and Ofengand 1993) . Total RNA (50 mg) from P. aerophilum and P. calidifontis was treated as described (Motorin et al. 2007 ), yielding a 30-mL preparation; 1 mL of this preparation was then used in 10-mL primer extension assays using Superscript III (Invitrogen) following the manufacturer's recommendations. Each of the four 10-mL RNA sequencing reactions (Superscript III) were conducted with 0.5 mM dNTP, supplemented with the appropriate 0.5 mm ddNTP. Primer sequences used in this study are included in Supplemental Material.
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